Liliental-Weber which performed microanalytical studies (TEM, EDX etc.) on devices prepared and characterized by our group has to be acknowledged. Our investigation of chemical reactions spanned a broad range of temperatures from liquid nitrogen to high temperature anneals. More precisely, temperatures at which the interfaces were produced D or annealed often served as way of reaction control (through control of reaction kinetics). In this way we were able to study the influence of chemical reactions on the electronic properties of the devices. Our finding can be summarized as follows:
1. At low temperatures, where reactions are limited and at higher temperatures for nonreactive interfaces, the Schottky barrier at the metal semiconductor interfaces is mainly determined by metal induced gap states (MIGS).
For mildly reactive interfaces the interplay between MIGS and metallization induced
defects determines electrical properties of the junction, with the defect states becoming dominant for strongly reactive systems.
3. The key defect for reactive GaAs interfaces has been identified as AsGa antisite (double donor) with states at 0.75 eV and 0.5 eV above the valence band maximum (VBM) compensated by an acceptor (most likely GaAs) at lower energy. The energies of the interfacial defects are found to be consistent with the energies of bulk EL2 traps in GaAs. 4 . The interfacial reaction affects the Schottky barrier height by changing the As/Ga ratio on the semiconductor side of the interface. For example, reactions which consume As, decreases AsGa/GaAs ratio and increases (decreases) barrier height on n-type (p-type) GaAs by moving Fermi level at the interface toward low energy compensating acceptors.
Findings 4 and 5 constitute the thrust of the Advanced Unified Defect Model (AUDM) proposed by us as a result of the studies done under this proposal. As described before in the quarterly reports this model explains a broad range of data for clean GaAs surfaces and GaAs interfaces. The key factor defining Schottky barrier height is chemistry controlled stoichiometry at the interface (As/Ga ratio). During the process of those studies a broad range of GaAs and InP interfaces have been characterized in terms of chemical reaction and growth morphology in correlation with band bending. These results have been reported in a number of publications (see publication list). Only some of the findings will be summarized below in this report. However, the unprecedented scope of the interfacial chemistry studies performed by our group and other workers (in particular J. Weaver's group) resulted in some general conclusions. We draw strongly on these experiments in the Advanced Unified Defect Model of Schottky barrier formation recently developed by our group and described below.
This model considers the relative movement of As in the process of metallization as the most important factor controlling the height of the rectifying barrier.
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Summary of PES studies in chemistry. 4. Interfacial reactions prevent a free movement of As or P through the metal overlayer.
For InP phosphorous is trapped at the boundary. For GaAs some As diffuses to the outer surface but large amounts of As also make the boundary As rich.
5.
Cations of GaAs or InP show a gradient of outdiffusion to the outer surface. A model calculation using the Bom-Haber cycle shows that upper parts of the metallization contain diluted amounts of Ga or In.
For both GaAs and InP there appears a correlation between reactions and band bending.
However, we find that the relative amount of As or P rather than strength of the interfacial bond (as suggested by some workers) is responsible for this. In particular, for lnP, band bending has been shown to depend on the symmetry of outdiffusion, and, lor GaAs, the movement of As has been shown to be a key observation leading to AUDM.
IU. Electrical and incroanalytical characterization of GaAs interfaces
In order to test the currently popular models of Schottky barrier formation, we have performed an extensive study of thick metal film (-OOOA) diodes. Submonolayer coverages of impurities are capable of establishing a barrier, altering the chemistry at the interface and significantly affecting the current transport mechanism in electrical device measurements. Therefore, in this study diodes were produced on clean-cleaved GaAs (110) and InP(l 10) interfaces under UHV conditions with in-situ metal deposition.
Near ideal electrical characteristics of metal/n-GaAs Schottky barriers are consistently found. Using thermionic emission theory, the barrier heights were found to fall in a relatively narrow range between 0.67 eV for Cr to 0.92 eV for Au. The same pinning energies were found for p-GaAs devices. The measured barrier heights for these thick film (-1000,A) diodes fall within experimental error of the vaiues obtained at submonolayer coverages from the PES studies.
The structure of such well-defined Ag, Al, Au, Cr and Ti contacts on GaAs has been investigated by high resolution and analytical transmission electron microscopy. In all cases the metal/semiconductor interface was atomically abrupt In the representative case of the Au/GaAs interface the last 3 to 5 atomic layers near the interface are highly reconstructed indicating a highly strained and defected region at the metal/semiconductor interface.
Analytical TEM EDX results of all of the systems studied showed that the region within -IOA of the interface is slightly As rich when compared to the bulk. This As-rich condition near the interface is also found to diminish with time under the illumination of the electron beam, while no change in the temporal dependence of the As-concentration in the 6 bulk is found. This suggests that a less tightly bound form of As in significant concentrations occurs at or near the interface.
In order to study the effects chemical reactions between the metal and the GaAs can have on the Schottky barrier height, we have carried out an annealing study of several of the systems. In an open system, Au reacts exclusively with Ga, forming an alloy of Au and Ga. For the case of the UHV-cleaved surfaces, TEM micrographs and surface analysis by laser ionization have shown that the concentration of Ga in the Au is sufficiently small that no new crystallographic phases are formed. After annealing, the presence of a higher concentration of Ga in the crystalline Au phase and a significantly larger quantity of As released by the reaction and trapped near the interface has been detected. A significant decrease in the barrier height of the Au/n-GaAs diode is found upon annealing.
In contrast, Al reacts almost exclusively with As to form the exchange reaction xAl+GaAs -> AlxGa.xAs + xGa. Analytical TEM EDX results indicate that the amount of excess As near the interface is decreased upon annealing. A significant increase in the barrier height of the Al/GaAs diodes is also found. It is important to note that the increase in barrier height for diodes formed on n-type material for both the AI/GaAs and AI/InP system was found to be within experimental error of the decrease in the barrier height of diodes formed on p-type material. This indicates that the changes in barrier height can be attributed to a change in Fermi-level pinning position at the interface, rather than to the increased bandgap of the alloy formed at the interface. Ti is expected as well to react primarily with the As, and as in the case of Al it is indeed found to increase its barrier height upon annealing.
We also performed a systematic study of the annealing-induced changes in the barrier height of Schottky barrier diodes fabricated on atomically clean and contaminated surfaces. Al, Ag, Au, and Cr/GaAs(l 1) diodes were fabricated by in situ deposition on clean n-type GaAs( 110) surfaces prepared by cleavage in ultrahigh vacuum and on contaminated surfaces prepared by cleavage and exposure to the atmosphere for -1-2 h. This study demonstrates that the as-deposited barrier height and the annealing-induced changes in the barrier height of diodes formed with an interfacial layer of contamination are distinctly different from the characteristics of diodes formed on clean semiconductor surfaces. The presence of an interfacial layer of contamination is found to significantly degrade the stability of the diode's barrier height due to annealing.
In summary of this section, our electrical study of metal/n-GaAs diodes found strong correlations between the expected and the observed stoichiometry and changes in barrier height upon annealing. In all cases, an increase in the excess-As near the interface is found to correlate with a decrease in the barrier height, whereas a decrease in the excessAs near the interface correlates with an increase in the barrier height.
l. The Advanced Unified Defect Model for GaAs surfaces
The observed defects at the metal/semiconductor interface, their correlation with the Schottky barrier height and the stoichiometry-related changes of barrier height upon annealing make it very difficult to explain the Fermi level pinning mechanism exclusively in terms of the electronic structure of a "perfect" metal/semiconductor interface. Although metals in intimate contact with a semiconductor may result in new, metal-induced electronic states in the bandgap, the experimentally observed pinning positions often appear to be dominated by crystal defects present in the semiconductor near the interface.
As pointed out in the previous section, for a wide variety of metal contacts deposited under ultrahigh vacuum conditions on GaAs, only a very narrow range of pinning positions is observed. This indicates, that the defects involved in Fermi level pinning are indeed well-defined intrinsic deep level point defects rather than unspecific metal-related defects. The possible candidates for such defects have to be thermally stable, intrinsic lattice defects.
The surprising coincidence of the experimentally determined energy levels of the ASia antisite defect at Ev + 0.52 eV and Ec-0.75 eV with the Fermi level pinning positions lead very early to the suggestion that the defects dominating the Fermi level pinning mechanism might indeed be anion antisite defects. Such double donor defects can easily pin the Fermi level of p-type compound semiconductors, but for pinning of n-GaAs they require the additional presence of compensating acceptors. These are identified as GaAs antisite defects.
Spectroscopic and microanalytical data show that the process of metal deposition by evaporation or sputtering is likely to heavily distort the first few monolayers of a semiconductor, mainly due to the latent heat released upon condensation of the metal particles. This near-surface disturbance will result in the presence of a large concentration of vacancies and interstitials of both types of atoms in a compound crystal. However, these simple point defects are not stable at or slightly above room temperature and therefore can not play an important role in the stabilization of the interfacial Fermi level.
Nevertheless, whenever an interstitial host atom recombines with a vacancy of the other type, a thermally stable antisite defect is formed. The stability of antisite defects at temperatures up to about 950°C correlates indeed very well with the highest temperature at which the best, refractory metal-related Schottky contacts on GaAs maintain their rectifying behavior.
To a first approximation, an equal number of antisite defects on both sublattices can be expected to be formed. However, two mechanisms will in most cases result in the preference of anion-rich antisite defects. First, bulk crystal growth is commonly performed under As-rich growth conditions in order to balance the As-loss during crystal growth.
Secondly, As is the volatile component, so that the strain field associated with a surface or interface can further promote the accumulation of As near such a distortion. Scanning Auger microscopy detected directly the formation of As-clusters on a freshly cleaved surface. This situation is similar to the strain field surrounding a dislocation, and indeed various TEM studies have directly confirmed the presence of As-precipitates at dislocations and As-rich crystal stoichiometry surrounding a dislocation.
The advanced unified defect model (AUDM) assumes, that the presence of a higher concentration of mobile As, as compared to mobile Ga, is the reason for the dominance of As antisite defects over Ga antisite defects, but the presence of both defects seems to be evident from the observed Fermi level pinning processes. If annealing results in further As accumulation in the semiconductor near the interface, the increased dominance of the ASGa results in an increase of the number of donors and pinning closer to midgap. If the annealing reaction reduces the amount of excess As near the interface, the opposite occurs and pinning is closer to the valence band.
The role of surface stoichiometry and interfacial lattice disorder for the Fermi level pinning process is as well evident from the results of two most recent experiments.
According to the AUDM, an increase in As relative to Ga would produce Fermi level motion toward the CBM, i.e. reduced Schottky barrier height on n-GaAs; whereas, the converse would be true for a reduction in the As/Ga ratio. For most of the cases uncovered, this is found to be the case. Examples follow.
MBE growth is usually done under As-rich conditions. For the pure but As-rich GaAs surfaces, (e.g. no-metal or oxygen on the surface), the Fermi level pinning position corresponds very well to the energy levels of the AUDM. Furthermore, the Ef levels move as predicted if the As excess is increased or decreased. In the unusual cases where Ga-rich MBE surfaces have been prepared, the surface Fermi level appears to be unusually close to the VBM as would be expected from the AUDM if the ratio of GaAs/AsGa antisite becomes greater than unity.
Another possible way of increasing the GaAs ratio would be by forming Schottky barriers using Ga for the metal. The majority of papers including our work on this subject indicate the Ga Schottky barrier heights on n-GaAs which are anomalously high (1.0 -1.1 eV). Again this can be explained in terms of the AUDM and an increase in the relative number of GaAs antisite acceptors due to the Ga contact.
Researchers at the Optoelectronic Joint Research Laboratory in Japan have made a detailed study of LaB6 on GaAs, a system which is of interest for self-aligned gates. LaB 6 was deposited on both chemically cleaned and MBE surfaces. It was found that the Schottky barrier height on n-GaAs moved between positions roughly 0.7 and 0.9 eV beneath the CBM in accord with the amount of excess As at the interface. Both the energy levels and the correlation with As excess are in accord with the AUDM.
IV. Schottky barrier formation for InP interfaces
Parallel to the work on GaAs interfaces, considerable effort has been spent on the study of metal/InP interfaces. The interest in these comes from growth in the number of it seems unlikely that strength of interfacial bonds would play a role. For InP interfaces the Fermi level pinning position is found to fall in a range of 0.3 to 0.6 eV below the CBM and is independent of the type of substrate doping (n-vs p-type). Also consistent with the GaAs results, the small electronegativity metals tend to pin higher in the band gap than the large electronegativity metals.
Our studies indicate that a combination of defects and interfacial states induced by the metal has to be considered to explain Schottky barriers on InP. The low temperature PES data indicate that inhibition of chemical reactions can make MIGS dominant. The Cu/InP system is an example of sucha a case. The pinning at higher temperatures at a different energy is explained by the defect mechanism (it is now believed that charge neutrality level for MIGS and defect level fall at largely different energies 0.35 vs 0.7 eV which allows an experimental identification of mechanism at play in a specific situation. This is contrary to GaAs where these energies are similar). Due to the lack of data on deep levels in InP we &Od not attempt as yet to propose a specific defect model for InP interfaces (similar to AUDM for GaAs interfaces). An interesting result shedding light on defects responsible for pinning comes from annealing studies of clean surfaces. We found that heating to temperatures below 300 °C produces a reversible change in the band bending on p-InP(1 10) but not on n-InP(1 10). It is established that annealing removes P from the surface. Thus removal of P seems to be correlated with the formation of the donor type defects which are necessary to pin p-but not n-type material. No similar effect has been observed on GaAs surfaces, which would suggest differences in the nature of defects.
Another difference is the importance of the 0.1 eV donor level associated with the oxide which has been emphasized by our studies of nonideal InP interfaces. In the case of GaAs the interfacial oxide has little effect on the barrier height as proven by our detailed PES and electrical studies. growing the interfaces at low temperatures we are able to reduce the interfacial reactions and inhibit formation of islands. Thus the use of temperature provides a powerful tool to control reactivity and growth morphology. In several cases we are able to obtain interfaces conforming to high standards of ideality (abrupt, epitaxial and nonreactive). These ideal types of systems are practically the only ones which theorists can model. Until recently there was a dramatic mismatch between systems that could be treated theoretically and those that could be realistically produced experimentally. Large progress in understanding the physics of interfaces is thus expected as the result of these studies. Interestingly, for most of the interfaces studied by us, the results systematically indicate large differences between low temperature and high temperature pinning patterns. This shows that reactions and/or growth morphologies affect rectifying barrier heights in an important way. The smallest difference in the temperature pinning patterns are seen for strongly reactive systems (e.g., Ti/GaAs) where reaction is not inhibited at lower temperature. This points out that interfacial reactions are the leading cause for the formation of defects pinning the Fermi level. In reactive systems where low temperature reactions can be completely inhibited, another mechanism has to be invoked to explain the pinning. Our data indicate that in this case metal induced gap states may play a dominant role. We find that in general the interplay between defect and MIGS establishes the barrier height. At very low coverages of metal, as will be discussed below, other mechanisms have to be considered. By now a very broad range of metal/GaAs and InP interfaces has been studied by us at low temperatures. The results are summarized in Table 1 . With a specially designed evaporator we were able to study band bending from metal coverages as low as 10 4 ML. This allowed us to get a better understanding of the processes at the early stages of the Schottky barrier formation. For most metals the band bending at low coverages has proven strongly to depend on the substrate temperature. In general, at low temperature on p-GaAs substrates covered with metals, the Fermi level shifts more readily with metal coverage. The opposite is found on n-GaAs where a negligible initial band bending is observed for decreased temperature. The asymmetry of band bending seen only at low temperatures is caused by and related to the temperature dependence of the overlayer growth morphology. As discussed in the previous section, differences in the final pinning position depend mostly on the temperature dependent reactivity. Further it was proven by us and by others that because of the decreased surface mobility that accompanies low temperature, the formation of clusters could be completely 
VHI. rn-V semiconductor heterojunctions
We performed studies of GaAs and InP heterojunctions with Si and Ge.
Heterojunctions are increasingly important in device applications. The understanding of valence band discontinuities is thus of critical importance. Our PES studies indicate that chemistry and band bending must be known before valence band discontinuity can be IX. Conclusions and some possibilities for future work.
In conclusion we found very strong evidence for the pinning of the Fermi level to be determined by defects at the metal/semiconductor interface. These defects are directly related to the crystal stoichiometry. We propose that anion antisite defects, partly compensated by cation antisite defects, determine the pinning positions observed for metal contacts on state-of-the-art bulk GaAs crystals which are grown from the As rich side of the phase diagram. There is evidence that a similar mechanism might apply for other compound semiconductors such as InP. To further explore this mechanism it is important to control the concentrations of the native defects through the stoichiometry of the substrate. In the future our work will be extended to good quality Ga rich crystals. Ohmic contacts or more generally Schottky barriers with controlled barrier height constitute an important class of GaAs interfaces both practically and conceptually. Our experimental data as well as computer modelling indicates that the properties at these interfaces can be explained by cross doping of the substrate and the metal. This acknowledges the importance of shallow defects in the more general defect model of the Schottky barrier formation. This phenomenon will also be ptudied in the future.
Athough defects seem to dominate for practical interfaces, other mechanisms could play an important role if interfaces could be grown under more favorable conditions. In particular there are strong indications that, for nonreactive interfaces grown at low temperatures, MIGS dominate. In general we expect that the properties of the interfaces will be defined by an interplay between these mechanisms. Studies with better control of growth and reactions initiated under our new proposal should define conditions under which each of the mechanisms becomes dominant.
